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ABSTRACT 

We present results of observations in the optical to mid-infrared wavelengths of the X-ray 
source CXO J172337. 5-373442, which was serendipitously discovered in the Chandra images 
and was found to have a fully resolved X-ray jet. The observations include a combination of 
photometry and spectroscopy in the optical using ground-based telescopes and mid-infrared 
photometry using Spitzer. We detect the optical/IR counterpart of CXO J172337. 5-373442 
and identify it to be a G9-V star located at a distance of 334±60 pc. Comparable values of the 
hydrogen column densities determined independently from the optical/IR observations and X- 
ray observations indicate that the optical source is associated with the X-ray source. Since the 
X-ray luminosity can not be explained in terms of emission from a single G9- V star, it is likely 
that CXO J172337. 5-373442 is an accreting compact object in a binary system. Thus, CXO 
J 172337.5-373442 is the nearest known resolved X-ray jet from a binary system, which is not 
a symbiotic star. Based on the existing X-ray data, the nature of the compact object can not be 
confirmed. However the low luminosity of the X-ray point source, 7.1 xl0 30 L©, combined 
with estimates of the age of the jet and a lack of detection of bright outburst, suggests that 
the X-ray jet was launched during extreme quiescence of the object. The measured low X- 
ray luminosity of the jet suggests the likelihood of such jets being more ubiquitous than our 
current understanding. 
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1 INTRODUCTION 

Collimated outflows, or jets, are observed from a wide range of 
accreting astronomical objects, starting from supermassive black 
holes (BHs) in Active Galactic Nuclei (AGNs) to protostars 
( Bridl e & Perlevlll984 iMirabel & Rodriguezl 1 19991 : iFenderl 120061 : 
iKQrding et alj|2008t iGudel et alj|2009l^ " This ubiquity along with 
the examples of association of accretion and jet la unching in black 
hole systems dGreiner. Morgan. & Rem illard 1993) an d in AGNs 
( iMarscher et alj|2002h strongly suggest that the accretion and the 
jet launching are coupled. Although being a universal phenomenon 
this disk-jet coupling is a fundamental topic of interest in astro- 
physics, it is still poorly understood. Jets from accreting compact 
stars (stellar mass BHs, neutron stars (NSs), and even white dwarfs 
(WDs)) are additionally interesting, because they (1) are launched 
from regions of intense gravitational fields; (2) are useful to probe 
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much shorter timescales in comparison to those of AGN jets; and 
(3) can be used to probe the physics of accreting binaries. For 
example, although fossil jets have been observed from quiescent 
binaries, with luminosities that are sev eral orders of magnitud e 
lower than their bright-state luminosity JAngelini & White 2003), 
jets have not been observed to originate due to the quiescent ac- 
tivities. In binaries, jets in the X-ray wavelengths are known to 
origin ate from synchrotro n and/or thermal Bremsstrahlung emis- 
sions dSolerietal.ll2009l) . The X-ray jets thus provide essential 
high energy information, which is complementary to that extracted 
from the more commonly encountered radio jets. Jets are typi- 
cally detected from re solved structures, or from spectral analysis 
jMigliari et alj |2007a b). However, resolved X-ray jets from BH 
and NS binaries are r are, and the nearest of them is at least 4 
kpc a way from the sun dliu. van Paradiis. & van den HeuvefcOOd 
1 20071) . The nearest X-ray jet s observed so far are from th e Sym- 
biotic st ars (SSs) RH Cygni jGallowav & Sokoloskill2004l) and R 
Aquarii ( Kellog g~etal] l2007h . both located between 200-250 pc. 
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We present observations which suggest that the X-ray jet from 
CXO J172337. 5-373442 is by far (by more than one order of mag- 
nitude) the nearest resolved X-ray jet from an accreting compact 
star that is not an SS. 

The faint X-ray point source CXO J172337.5-373442 with a 
prominent jet (a 20 oo = H h 23 m 37f532, feooo = -37°34 , 41 , . / 97 ) 
was discovered in a Chandra image in 2008 (Bhattacharyya 2008). 
However, this image alone was insufficient to either conclusively 
decide on the nature of the source, or to measure its distance. Here 
we use a combination of photometric and spectroscopic observa- 
tions in the optical and infrared (IR) in order to identify CXO 
J172337. 5-373442, as well as to measure its distance. We find that 
this source is a compact star accreting from a G9 V star located at 
a distance of 334±60 pc. 



2.3 7-band Optical and Near-infrared Photometry using 
GROND 

We acquired simultaneous photometric data (Tab. 1) in seven opti- 
cal and near-IR wavebands by observing CXO J172337. 5-373442 
in g'r'i'z'JHK, us ing Gamma-Ray Bu rst Optical/Nearlnfrared 
Detector (GROND, dGreiner et ail 120081) ) mounted at the 2.2 m 
ESO/MPI telescope at LaSilla observatory (Chile). The observa- 
tions were performed on February 3, 2010. We converted the 
g'r'i'z' photometry t o BVRI magn itudes using the following trans- 
formation equations dLupton 2005): 

B = g + 0.3130(ff' - r') + 0.2271 (1) 

V = g' - 0.5784( 5 ' - r') - 0.0038 (2) 

R = r' - 0.2936(r' - i') - 0.1439 (3) 

I = i - 0.3780(Y - z ) - 0.3974 (4) 



2 DATA & OBSERVATIONS 

2.1 Mid-Infrared photometry using Spitzer 

The field containing the source CXO J172337. 5-373442 was ob- 
served by the two Legacy programs of Spitzer: The Galactic Legacy 
Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) using IRAC 
at 3.6, 4.5, 5.8 and 8.0 tun and MIPSGAL, a 24 and 70 Micron Sur- 
vey of the Inner Galactic Disk with MIPS; all data are available at 
the NASA/IPAC Infrared Science Archive (IRSA). Using accurate 
photometric analysis we detect the source clearly in the 4 IRAC 
bands and do not detect it with MIPS at 24 [im. The mean position 
of the source in the 4 IRAC bands is a 2 ooo = 17 h 23 m 37?5 <5 2 ooo 
= 37°34'42'.'2 with an uncertainty of 1". Thus the position of the 
infrared source is i n excellent agreement with the Chandra point 
source discussed bv lBhattacharv va (2008). 



2.2 Optical Spectroscopy 

Two 1800-s medium-resolution optical spectra between 3850 and 
7200 A of CXO 1172337.5-373442 were acquired starting at 20:52 
UT of 08 August 2009 with the 1.9-m "Radcliffe" telescope 
in Sutherland, South Africa. A spectrograph equipped with a 
266 x 1798 pixel SITe CCD is mounted at the Cassegrain focus of 
this telescope. Using the Grating #7 and a slit of 1'.'8, we obtained 
a nominal spectral coverage between 3850 and 7200 A and a dis- 
persion of2.3A/pix. 

The spectra were optimally extracted dHornd Il986h us- 
ing IRABj after performing flat-fielding, bias-subtraction, cos- 
mic ray rejection and background subtraction. On each spectrum, 
wavelength calibration was performed using Cu-Ar lamps, while 
flux calibr ation was done usin g the spectrophotometric standard 
LTT 9239 dHamuv et ai]|l992l) . We estimate the wavelength cali- 
bration uncertainty to be ~ 0.5 A using the positions of background 
night sky lines. The two spectra were stacked together to increase 
the signal-to-noise ratio. 



1 IRAF is the Image Analysis and Reduction Facility made available to the 
astronomical community by the National Optical Astronomy Observatories, 
which are operated by AURA, Inc., under contract with the U. S. National 
Science Foundation. It is available at http : //iraf . noao . edu/ 



3 RESULTS 

Table [U gives the magnitudes/fluxes for CXO 1172337.5-373442 
in the optical to mid-IR wavebands, and Fig.[T]displays the optical 
spectrum between 4000 and 7200 A, with some of the main spectral 
features marked on it. We have considered the different possibili- 
ties regarding the nature of CXO 1172337.5-373442 using all the 
available photometric and spectroscopic data. 

Based on the MIR photometry obtained with IRAC and MIPS 
we have obtained the following colours for CXO 1172337.5- 
373442: [3.6]-[4.5] = -0.26, [5.8H8.0] = 0.28, [3.6]-[5.8] = 0.22 
and [8]-[24] = 1.98. Using the observed colours in the two diag- 
nostic colour-colour diagrams [3.6]-[4.5] vs [5.8]-[8.0] and [3.6]- 
[5.8] vs [8.0]-[24] and comparing the regions occupied by the stel- 
lar and protostellar candidates (cf. Mookerj ea et al. ||2009|) we con- 
clude that the source is definitely not a protostellar candidate, but 
rather shows colours of a star. 

Next, we have searched for the typical optical spectral fea- 
tures seen in X-ray binaries in our observed spectrum. While Ha 
is clearly visible in absorption, H/3 H7 and H<5 are only marginally 
detected, and He II (4686 A) is not detected at all. Furthermore, the 
Ha line-shape does not show obvious signs of an accretion disc. 

Among the several spectral features seen in the optical spec- 
trum, presence of the spectral lines of Ca I (4226 A), G-band (4290 
A), Mg I (5170 A), Ca I (5277 A), Fe I (5329 A), Ca I (5590 A), Fe 
I (5709 A) and Ca I (6165 A) conclu sively proves the optica l coun- 
terpart of the source is a G-type star dHernandez et al . 2005). Other 
prominent spectral features identified in the spectrum are marked in 
Fig.0 The fact that the Ca I (4226 A) line is significantly stronger 
than the H7 and the H<5 lines further shows that the star is of a 
later type than G5. Based o n a more precise com parison with stellar 
spectra from the library by laco bv et alj d 19841) we have identified 
the source to be a star of spectral type G9 V. 

The intrinsic color ( B - V)o of a G9 V star is 0.81 
dBinnev & Merrifield[l998l) and from GROND the observed color 
is (B - V)=1.66, resulting in E(B - V) = 0.85. We thus obtain 
a visual extinction of Av~ 2.7 ± 0.4, considering 0. 1 mag error in 
each of the two optical magnitudes. This ylvvalue corresponds to a 
neutral hydrogen column density (Ah) of (5.1 ±0.8) x 10 21 cm~ 2 
(using the empirical formula of Prede hl & Schmittl d 19951) ). which 
is consistent with the Chandra X-ray data analysis best-fit value 
3.7lJ;Ixl0 21 cm within 90% confidence level. Using the calcu- 
lated V-band magnitude, the esti mated Ay and the absolute mag- 
nitude of a G9 V type star (5.9: iBinnev & Merrifieldlll998h . we 
estimate the distance to CXO 1172337.5-373442 to be 334±60 pc. 
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Figure 1. The optical spectrum of CXO J172337. 5-373442 between 4000 and 7200 A. The inset shows the spectrum between 4000 and 4600 A in more detail. 
Based on the absorption features the source is identified to have a spectral type of G9 V. Additional spectral features include the Diffuse Interstellar Bands 
(DIBs) at 5784 and 6284 A and a merged feature due to the Li doublet and combination of multiple weak neutral iron lines around 6215 A. 
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Figure 2. Comparison of the emission from a reddened (A y = 2.7) photo- 
spheric model of a G9 V type star (with T eff = 5250 K) from lKurucj Il993l) 
(black dashed line) with the observed optical and IR photometric fluxes (red 
points) and optical spectrum (blue continuous line). The distance to the star 
is 334 pc. 



Note that the comparison of a reddened model stellar atmosphere 
( lKurucz|[l993l) for G9 V type star (T cff = 5250 K) with all the ob- 
served optical, near- and mid-IR data (Fig. [2} shows that such a 
model reproduces the observed spectral energy distribution reason- 
ably well, with the photospheric emission at 24 |i.m below the de- 
tection limit in the MIPS map. 



4 DISCUSSION 

Here we explore the nature of the compact X-ray source. Since the 
IR/optical counterpart of CXO J172337.5-373442 is a G9 V star, 
this source is not a protostar or a pulsar wind nebula or a symbi- 
otic star, and is either a low-mass X-ray binary (LMXB ) or a cat- 
aclysmic variable (CV). Note that Bhattach arvval d2008l) excluded 



the plausible AGN identification of the source based on the ob- 
served low Nh value. 

For a Roche lobe filling main-sequence G9 V star, the or- 
bital period of the system is 6.3 hr s (using equation 3.45 of 
iBhattacharva & van den Heuvel For the estimated Nu, 

an unabsorbed flux of 5.31 xlO" 13 erg cm -2 s _1 in 0.3-10.0 
keV range implies a low X-ray luminosity of the point source 
(~ 7.1 x 10 30 erg s _1 ; assuming isotropic emission). In contrast 
the luminosity of the jet is only 3.9x 10 29 erg s _1 . We note that 
the expected X-ray emission of a G9 star is soft and of the or- 
der of 10 29 erg s _1 , Since the expected Eddington luminosity of 
an LMXB is ~ 10 38 ~ 39 erg s~\ CXO J172337.5-373442 should 
have been in an extreme quiescent state during the observation, if 
this source is an LMXB. Even if this source is a CV, its low lumi- 
nosity indicates a quiescent level. In this state, the optical and IR 
emission from the star can be much more than X-ray emission due 
to accretion; this i s con sistent with the results shown in the Fig. 4 
of Bhattacharyya! d2008l) . As a result, the signatures of accretion 
(e.g., broadened Balmer lines & He II 4686 A, all in emission) may 
not be discernible in the optical spectrum, which is consistent with 
the observation. The compact star of CXO J172337.5-373442 can 
thus be a BH or an NS or a WD. Although iBhattacharwd J2008t) 
did not detect a soft thermal X-ray spectral component from the 
point source, which is a t ypical signature of quiescent NS LMXBs 
dMcClintock et al. 1 12004|) . such a thermal component cannot be 
completely ruled out based on the available Chandra data. The es- 
timated upper limit of the flux of the thermal component is about 
50% of the total flux. 

Fitting the jet X-ray spectrum with a thermal Bremsstrahlung 
model gives an unphysically high best-fit temperature (« 200 
keV). Therefore , assu ming a synchrotron origin of the jet, we 
follow lLongaiil ( 1 19941) and iFendetl J2006I) to estimate the min- 
imum energy associated with CXO J172337. 5-373442. The jet 
length of sa 48" and a width of ~ 13", roughly give a volume 
of 1.0 x 10 51 cm 3 , and hence a minimum jet energy E m i n 
1.5 x 10 41 erg. This minimum energy condition is achieved when 
there is an equipartition of energy in particles and the magnetic 
field. The corresponding magnetic field is £> oq = 28.4 /iG and the 
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Table 1. Results of optical and IR photometry of CXO J172337.5-373442. 
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Lorentz factor 7 of the energetic electrons which emit the syn- 
chrotron radiation is 1.6 x10 s . Note that this is not the Lorentz 
factor corresponding to the bulk motion of the material in the jet. 

An important question is whether the resolved X-ray jet 
was "fossil" or it originated from quiescent activities. In order 
to find out, we assume that the intensity difference between the 
approaching jet (observed) and a plausible receding jet (not de- 
tected) is solely because of Doppler boosting and deboosting. 
Unlike many pulsars the speeds of binary systems are known 
to be small, th e only two exceptions bein g XTEJ1 118+480 and 
GRO J1655-40 jMirabel et ai]|200ll 120021) . Hence one of the jets 
of CXO J172337.5-373442 should not be destroyed by the colli- 
sion with ISM (as might have happened for the Geminga pulsar; 
IPavlov. Sanwal. & Zavlinl [20061) and our assumption of the inten- 
sity difference arising only due to Doppler boosting and deboost- 
ing is reasonable. With this assumption, the photon flux ratio of the 
approaching jet to the receding jet is given by [(1 + (3 cos 9)/(l — 
P cos 9)] 2+F , where f3 = bulk speed of jet in the unit of the speed 
of light in vacuum, 9 = angle between the approaching jet's direc- 
tion and the observer's direction, and F is the photon index for a 
spectra l fitting with a power law. Since the receding jet was not de- 
tected (Bhattacharyya 2008), we consider the maximum possible 
limit of /3 cos 9, which is 1. This implies that the upper and lower 
limits of f3 and 9 are 1 and 0° respectively. In order to calculate 
the opposite limits, we use the 3<r upper limits of F (= 2.17) and 
the receding jet photon counts (= 9.97). This gives a lower limit 
of /3cos6> = 0.1, implying > 0.1 and 9 < 84°. The nearest 
detected part of the jet was ~ 14'.' 5 away from the point source 
during the 4th September 2001 Chandra observation. Hence, for 
9 > 11°. 5 (which has 98% probability of occurrence assuming 9 
could have any random value in 0° — 90°), and the measured source 
distance (= 334 pc), this nearest detected part was ejected less than 
3.6 years before September 2001. CXO J172337.5-373442 defi- 
nitely did not become bright (non-quiescent) after January 1998, 
because, otherwise the Rossi X-ray Timing Explorer (RXTE) "All 
Sky Monitor" and RXTE "Proportional Counter Array" Galactic 
bulge scan would have detected it. The X-ray jet of this source was 
most likely launched by the quiescent activities. Furthermore, the 
ratio of the jet power to the (quiescent) accretion power is ~ 0.055 
for CXO J172337.5-373442 in the 0.3 - 10 keV spectral range 
(assuming isotropic emission), which is within the same order of 
magnitu de of the typical rati o (« 0.1) for a range of astrophysical 
objects (Kording et al. 200jl). 



5 SUMMARY 

We have identified the optical/IR counterpart of the X-ray source 
CXO J172337.5-373442 as a G9-V star and determined the dis- 
tance to the source to be 334±60 pc. Based on the comparable val- 
ues of hydrogen column densities measured independently toward 
the optical/IR source and the X-ray source, we conclude that these 
two most likely form a binary. Barring the two Symbiotic stars RH 



Cygni and R Aquarii no other binary system with resolved X-ray 
jet has been observed at such short distances from us. The currently 
available X-ray data does not allow us to determine the nature of 
the compact object. In the event of CXO J172337.5-373442 being 
an BH LMXB, it would the nearest known BH. The low X-ray lu- 
minosity of the point source, 7.1 x 10 30 erg s -1 , suggests that the 
jet is most likely launched during quiescent activity. Further, the 
low luminosity of the jet, 3.9 x 10 29 erg s _1 , implies that such jets 
could be significantly more ubiquitous than are currently known to 
be, since being located at large distances they are not likely to be 
detected easily. 
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